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Neutron lifetime



Neutron beta decay lifetime

e ~350 keV Neutron lifetime :
N T, = 880.3*+ 1.1 (PDG2014)
o ™ t =880.1=+ 1.1 (PDG2012)
o © v T, = 881.5+ 1.5 (PDG2011)
~0.4 keV T, = 885.7 = 0.8 (PDG2010)

The neutron decays into the proton, the electron, and the anti-
neutrino in 880 sec. This is the simplest nuclear beta decay.

The neutron lifetime is important to

* Big Bang Nucleosynthesis

e Reactor neutrino anomaly

e Solar neutrino

 CKM unitarily

* Proton spin

* Goldberger-Treiman/Muon caputre
* Bjorken sum rule

* Lattice calculation benchmark

Next generation Experiments to
Measure the Neutron lifetime
9th.Nov.2012, Santa Fe



Neutron Lifetime

Neutron lifetime is an important parameter for both of
particle physics and cosmology.

880.3+1.1s (PDG2015)

There is 8.4sec (3.80) deviation of the value of lifetime

between two methods of measurement.
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Big bang nucleosynthesis
CMB & He/H & Neutron Lifetime

Minutes: 1/60 1 5 15 60

Mass Fraction

Temperature (109 K)

Light elements up to N=7 were created in 3 minute after
the big bang (Big Bang Nucleosynthesis). Abundance of
them can be calculated by baryon-to-photon ratio, nuclear
cross sections, and the neutron lifetime.
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He/H observation of HIl region in galaxies

X Planck >——= WMAP
0.26 |- (2013) (2010)
:%:o.essf—__lz_?:fg\_/_gt_-_?_l_- ____________________________ A recent observation?
T p (2013) | s not consistent with
= 025 |- .
o f er(;‘c')g‘;'t etal. 41 atl ™ standard cosmology.
— o2esp N = 3.51 + 0.35,
024 B 1.5 o deviation from 3.
x ( Baryon-to-photon ratio x101°)
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CMB+BAO observation? Independently result
N.sr= 3.43 £0.26, which has 1.7c deviation from 3.
We may missing something in the early universe.

1. Izotov, Y. ., G. Stasiniska, and N. G. Guseva. "Primordial 4He abundance: a determination based on the largest sample of H Il regions with a methodology
tested on model H Il regions." Astronomy & Astrophysics 558 (2013): A57. 6
2. Aubourg, Eric, et al. "Cosmological implications of baryon acoustic oscillation measurements." , Physical Review D 92.12 (2015): 123516.



Reactor antineutrino anomaly

P € Neutrino charged-current interactions with proton
\\ // is well used reaction for neutrino water Cherenkov
W detector. It is the inversed reaction of the neutron
/ _— \ beta decay, thus the cross section is calculated by
n \ 7 the neutron lifetime.
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An, F. P, et al. "Improved Measurement of the Reactor Antineutrino Flux and Spectrum at Daya Bay." arXiv preprint arXiv:1607.05378 (2016).



The weak axial vector coupling
A=g./8y



Fermi and Gamow-Teller decay

* Nuclear beta decay has 2 types, > zf;?t:{‘ag:;:g‘r’n”;i:mm
Fermi and GT decay, J: Angular momentum of nucleus

Fermi (Vector) decay

Spins of e- and v are anti-parallel, spin of proton and neutron are parallel

neutron proton

e -
_O_) |:> _‘_) ' D <@ — $=0 ii;g Coupling constant

> —0@—> AJ=0 Bv=GrVud
ve

Gamow-Teller (Axial Vector) decay

Spins of e- and v are parallel, spin of proton and neutron are parallel
neutron proton

. AS=1
_O_> |:> <_‘_ ' > —@— } Coupling constant
AU YRV,
L > O AJ=1 BA=AGEVyq
Ve }\ng/gV=127

Gamow-Teller has ~27% larger coupling constant due to violation of
the chiral symmetry. The value called, A=g,/g,, is experimentally

determined by measuring an asymmetry parameter of the neutron
beta decay. 9



Decay parameters of the polarized neutron

Can be described by A parameter in standard model.

S s
dr =« N(E) + aLe Py 4 - Me
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The B-Asymmetry Parameter A is the most
sensitive for A parameter, which can measured
by energy and angular distribution of electrons

against neutron spins.
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in Neutron Beta Decay." Physical review letters 110.17 (2013): 172502.

2

X
UCNA 1.0
SPEC 3.1
TPC 26
CNTR 123
SPEC __ 4.0

23.1
(Confidence Level = 0.0001)
|

Polarized neutron beam

10



Nuclear reaction in the sun
pp-chain and CNO cycle

In the sun, energy of 99% is produced by pp-chain.

-chain CNO L )
PP p+p—>d+e*+v,is the most important.
ptp—>’H+te +v, pre+p—’H+v, 10 F T T T T T LI e\
99.76% 0.24% L CN 1 1
cycle
H+p—>’He+y (®.7) @ (p.2) L 1
16.70%
83.30% I I~2X|0'5% 4
®
*He +*He — “He +2p *He + *He —>7Be +y He+p—>*He +e*+v, Eo —
® pp-chain
o, i o, = 0
99.88% I IO.IZA
‘Be+e~—"Li+v, ‘Be+p—=®B+y __ -
F i
Li+p—>2°He 88— 8Be* +e* +v, ST 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10
T(10'K
ppl ppIl ppIII (10°K)

For p+p—>d+et+v,, Fermi decay is excluded. Thus, this reaction is pure Gamow-Teller (g,)decay.
Gamow-Teller decay(gx)

A value is necessary to calculate the cross section.

pp singlet Deuteron e*+v, pp triplet Deuteron et+v,

11
Adelberger, E. G., et al. "Solar fusion cross sections. Il. The p p chain and CNO cycles." Reviews of Modern Physics 83.1 (2011): 195.



Neutron decay for V 4 in CKM-matrix

d'\ /Vud Vus Vub ) d\

@ V @ S' = Vcd Vcs Vcb S
é \t:\ G b'/ \th Vts th/ b/

YA

V,q in CKM matrix is most precisely determined
by nuclear 0* 0% beta decay lifetimes. Unitarily
of CKM matrix gives important information to
the standard model.

V.4 can be calculate by neutron lifetime and A
parameter independent in nuclear models.

0.97427 4+ 0.00014) 0.22536 + 0.00061 0.00355 + 0.00015
Voky = | 0.22522 £ 0.00061 0.97343 £ 0.00015  0.0414 0.0012
+0. +0.
0.0088670:99033  0,0405+3-9911  0.99914 + 0.00005
PDG2014
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CKM matrix element |V

o (4908.7+£1.9)s MANEEEIE, .
|‘/lld| — 2 ? C | w QK b,
Tn (1 4 3A2) wl 2

W. J. Marciano and A. Sirlin, Phys. Rev. Lett. 96, 032002 (2006)
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Experiment with J-PARC pulsed neutron
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Measurement of neutron lifetime



Principle of our experiment

Cold neutrons are injected into a TPC.
The neutron B-decay and the 3He(n,p)3H reaction are measured

simultaneously.

Principle (Kossakowski,1989) ggg?; ier‘]’?ﬂés_rdplging time of

Neutron bunch
shorter than TPC
P‘ i{;(n,p)t Neutron bunch
A.w”“/“ \e
L T, :lifetime of neutron
1 Sn/én B-decay Sﬁ = €, N— vV :velocity of neutron
Tn = g TpU € :detection efficiency of electron
POVg 3 / €3

€, :detection efficiency of 3He reaction
3He(n,p)*H S, = e NpoL p :density of 3He
o :cross section of 3He reaction

OV = 09Up o,=cross section@v,, v,=2200[m/s]

This method is free from the uncertainties due to external flux

monitor, wall loss, depolarization, etc.
Our goal is measurement with 1 sec uncertainty. 15



J-PARC / MLF / BLO5

J-PARC
Materials and Life Science Experimental Facility(MLF)

Matoriats and L Science Hicron Besms Faclky pulsed neutron Beam line BLO5

Experimental Facility

~ Neutron optics and physics(NOP)

Nuclear
Transmutation

d 4 O O & O

1 m @M @ mm

J-PARC = Japan Proton A

| Jomt Project between KEK and JAEA ‘

Spallation neutron target (designed forIMW)
\




Time Projection Chamber(TPC)

High efficiency and Low background TPC
is used beta and 3He(n,p)3H detection.

Beam catcher MWPC

Beam
@ Entrance

Drift direction

Anode wire

29 of W-Au wires(+1720V)

Field wire

28 of Be-Cu (0V)

Cathode wire

120 of Be-Cu (0V)

Drift length

30 cm (-9000V)

Gas mixture

He:CO2=85kPa:15kPa

TPC size(mm)

300,300,970

Trlgger eff|C|ency for beta >97%
for 3He(n,p)3H > 99.9%

Low background with PEEK frame
and inner °Li board. S/N ~ 1:1

Windows fc
calibration

17
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Z (cm)

Neutron bunches in TPC

TOF vs. Z position (3He)

Neutron only in fiducial of the TPC
are used for analysis.
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Spectrum of beta decay and Beam-induced background

e0coov00000
origin of the background is near TPC wall iDC
beam :_' Bdecay
axis e,
“DC" "
s n
Distance from beam Center BKG
background has large DC value — T
0
linear scale log scale
» 6000 | "
= —— Experiment =
3 — | 3
o | signal MC LiF S
400 L region MC OffBeta
DC=4 wires
200
/// = —1
0 5 107 5 10

anode DC [wire] anode DC [wire]
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Spectrum of beta decay and Beam-induced background

.| 0o0o0000000 00
origin of track is near TPC wall Bdecay >
BKG =
“E’ =
“Drift Time” = ‘3
arrival time difference of drifting electrons E 'beam
background has long DriftTime axis ‘drift
v direction

linear scale
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[ist of uncertainties

S o) 3He(n,p)3H cross section for a 2200 m/s neutron

1 € Vo 2200 m/s (neutron velocity)

7— — n/ n P 3He number density

n 0. U S / 6 N 8 number of 8 decay events
p O O ,6 ﬁ N311e | number of 3He(n,p)*H events
€ selection efficiency
correction (%) uncertainty (%)

statistics ~1
3He(n, p)3H leakage 0 <0.34
beam-induced background 8.6 being evaluated

Ng - ¥
efficiency 6.1 - 88
pileup -0.39 0.39
background subtraction -0.43 0.28

\ 14N(n,p)*C contamination -1.45 0.23

3H
) 170(n,a)'*C contamination -0.5 0.03

NB, N3He |Spin Flip Chopper S/N <0.5 <0.5
3He number density 0.65

p chamber deformation (pressure) |<0.33 <0.33
temperature non-uniformity 0.23 0.23

00 3He(n, p)3H cross section 0.13

21



Measurement of *N(n,p)** reaction
cross section



1%N(n,p)**C in astrophysics

In s-process, neutron capture reaction is called as neutron
poison. *N is a major production in CNO cycle, thus,
14N(n,p)*C reaction is important.

] alalslsl=[e]slels]slslals]

ololul
‘;

H 3
21y

https://www.jicfus.jp/jp/promotion/pr/mj/2011-4/



(n,p) reactions

* (n,p) reactions, like 3He(n,p)3*H and “N(n,p)*C
have same initial and final state of inversed
reaction of beta decay.

14N+ n > C+ p + 624 keV
14N + e & ¥C+ v, - 156 keV

* They are not weak interactions. But CAN they
help to understand beta decay reactions?

* We could measure **N(n,p)**C reaction cross
section using the TPC with 0.3%.



UN(n, p)*C event in lifetime experiment

Because the TPC is used in sealed condition, contamination of 1*N was observed in
bad vacuum. Low anode voltage measurements were done for identification of 1“N
to avoid distortion by space charge effect.

cQunts

- —— Experiment
0000F
5000

0 100 200 300
maximum energy
Before 14N correction

|5 :
8 0.125E
= (1.12E
@ 0.115;
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8 o.105:
9 o
= g
0.095:

1720 V for electron detection

»

Anode voltage
reduced to 1200 V
for ion detection. 1

TPC Count / BM Count
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26keV

10

IIIIIIII T lIIIIllI T
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15¢
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764keV
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170Q(n,a)'4C
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1000 1500 2000
energy[keV]

The correction was
successfully done!
We could determined
amount of 14N.

- We measure the
cross section with

controlled N, gas! 25



Fabrication of TPC gas

Procedure to fabricate TPC gas

0. Measure V1/V2 ratio.

1. Inject 3He in MV 1.,

2. Release 3He gas in V2(TPC).
3. Inject N2, “He in V1 and V2.

TPC gasN2z : “He : 3He = 20kPa : 80kPa : ~10Pa

V2

Baratron

1333 Pa ES

100 kPa F.S.

Vi

X

EEERE ®

Baratron

1333 Pa E.S.

Measured Gas fill, determined by 2 method

3He Partial
Gas No pressure
1 8.1 mPa”
2 9 Pa
3 21 Pa

Static Expansion (V1/V2)
3He/14N

2.22(4) %107
2.356(11) % 10
5.211(15)x 10

2.354(10)x 10"
5.203(12)x 10"

V2

Direct by Baratron
3He/*N

Pressure ratios determined by 2 method were consistent in uncertainties.

“3He of Gas#1 is content of a commercial He bottle, which was measured by mass spectroscopy.




Energy calibration for elapsed time

The peaks positions were calibrated for each run (300 sec)

as 1“N(n,p)4C for 626keV.

T 1011

14N(n,p)14c

= He(n,p)’H
-] 626keV

)

O

64keV
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x10°

Peak position [ch]
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x10°

:_ —— A ﬁ‘w.“w‘m.‘ﬂ.‘mw‘mﬂ—mm =
- *He(n,p)°H

__ et Y T ————— S i g
— 14 N(n , p)1 4C

1 | | | | | | I 1 1 I 1 Il I Il 1 | 1 1 | | | | 1 | | | |

02/28 02/28 03/01 03/01 03/01 03/01 03/01 03/01 03/01
18:00 21:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00
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Energy calibration for position

X pos. “Cut region
— 1600 - — < 1600¢ .
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Energy spectrum calibrated

For quick analysis, number of evens were counted for 1N and 3He
in 520~700 keV and 700keV~880 keV, respectively. We are making
response functions to evaluate counts of these peaks.

Gas 2

~TENR p)1EC 3Ha(n p)3H |

E L R e S il et 03
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6
Deposit Energy [keV] 29




€3e R1an P3ne

Error budgets a1an (Vo) = T3¢ (Vo)
€14N R3ne P14n
Gas 2 Gas 3
Parameter Effect Correction[%] Unce[:;:]ainty Correction[%] Unce[:;:]ainty
Efficiency en Escape to X direction -0.013 0.013 -0.013 0.013
en Escape to Y direction -0.067 0.067 -0.061 0.061
en/eHe -0.08 0.08 -0.07 0.07
Event rate RN Statistic 0 0.18 0 0.13
RHe Statistic 0 0.22 0 0.11
Distinction of 2 peaks Being evaluated
RN/RHe 0.29 0.17
Target number Gas pressure and temperature 0 0.13 0 0.07
Chemical purity of N, (specification) -0.005 0.005 -0.005 0.005
Abundance of *N (Literature values) -0.3663 0.0004 -0.3663 0.0004
Deformation of the chamber -0.33 0.33 -0.07 0.07
PN 0.70 0.35 0.44 0.10
3He content in commarginal He gas 0 0.00175 0 0.0008
Purity of 3He (specification) -0.05 0.05 -0.05 0.05
Gas pressure and temperature 0 0.24 0 0.16
Thermal transpiration effect of Baratron -1.74 0.1 -1.08 0.1
PHe 0.27 0.20
pHe/pN 0.44 0.22
o3He(n,p)3H | oO3He Literature values 0 0.13 0 0.13
o1*N(n,p)t4C 0.55 0.32




Comparison with previous results

Cross section of 14N(n,p)14C %2/ ndf 11.78/5
_ Prob 0.03787
§2-05__ weighted mean 1.843 + 0.01876
o
S 2 Cross section
g F ‘\(\3N [barn]
.95 W
S ¢ \)(e . Gas 2 1.871(10)
] - ¢
© 19 Gas 3 1.861(6)
185 % 1 @ Average |1.863(5)
185
= Present value
1.75 0.3% accuracy
1.75—
= | I 111 | I I | I I I | | | I I | I | I | | I T | I | I | |

950 1960 1970 1980 1990 2000 2010 2020
published year

-
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Other (n,p) reactions

Cross section | Uncertainty | Available Gas
(keV)

3He(n,p)3H 763.76 5333(7) bl 0.13%
10B(n,p)1°Be 225.55 6.8(5) mb?2 7.4% BF,
14N(n,p)14C 625.87 1.83(3) b 1.6% N,
33S(n,p)33P 533.84 2(1) mb? 50% SF
35Cl(n,p)35S 615.02 489(14) mb! 2.9% CCl,
36Ar (n,p)36Cl 72.82 < 1.5 mb? 1.8% Ar

1. Richard B. Firestone eighth edition, “Table of isotope”, John Wiley & Sons, Bradford, (1996)

2. Lal, D., et al., Nuclear Physics A 468.2 (1987): 189-192.
3. Jiang, S. S., et al. NIMB 52.3 (1990): 608-611. 32



Other (n,p) reactions

Cross section | Uncertainty | Available Gas
(keV)

3He(n,p)3H 763.76 5333(7) bl 0.13%
10B(n,p)1°Be 225.55 6.8(5) mb?2 7.4% BF,
14N(n,p)14C 625.87 1.863(5) b* 0.3% N,
33S(n,p)33P 533.84 2(1) mb? 50% SF
35Cl(n,p)35S 615.02 489(14) mb! 2.9% CCl,
36Ar (n,p)36Cl 72.82 < 1.5 mb? 1.8% Ar

1. Richard B. Firestone eighth edition, “Table of isotope”, John Wiley & Sons, Bradford, (1996)
2. Lal, D., et al., Nuclear Physics A 468.2 (1987): 189-192.

3. Jiang, S. S., et al. NIMB 52.3 (1990): 608-611.

4. Kitahara et al, JPS meeting (2016) Autumn at Miyazaki



Summary

Neutron decay parameters (lifetime and A) are important
parameter for

— Big Bang Nucleosynthesis
— Reactor neutrino anomaly
— Solar neutrino
— CKM unitarily
We are measuring the neutron lifetime at J-PARC.
— Our goal is 1 sec accuracy.
— We obtained O(10) sec data. The first data will coming soon.

We measured *N(n,p)*C reaction cross section as
1.863(5) barn, 0.3% accuracy.

— Other (n,p) reactions can be measured in the same manner.



Other (n,a) reactions

Cross section | Uncertainty | Available Gas
(keV)

10B(n,a)’Be  225.55 3837(9) bl
33S(n,a)33P 3493.51 0.19(8) b! SF6
35Cl(n,a)35S 937.74 0.08 (4) b? CCl,
36Ar (n,p)36Cl  2000.72 5.5(1) mb! Ar

1. Richard B. Firestone eighth edition, “Table of isotope”, John Wiley & Sons, Bradford, (1996)
2. Lal, D., et al., Nuclear Physics A 468.2 (1987): 189-192.

3. Jiang, S. S., et al. NIMB 52.3 (1990): 608-611.

4. Kitahara et al, JPS meeting (2016) Autumn at Miyazaki



